The Cremmer-Scherk mechanism is generalised in a non-Abelian context. In the presence of the Higgs scalars of the standard model it is argued that fields arising from the low energy effective string action may contribute to the mass generation of the observed vector bosons that mediate the electroweak interactions and that future analyses of experimental data should consider the possibility of string induced radiative corrections to the Weinberg angle coming from physics beyond the standard model. PACS numbers: 11.15.Ex, 12.10.Kt, 12.60.Cn The standard model of fundamental particle interactions is based on families of charged leptons, quarks and scalar fields interacting via gauge fields associated with Lie groups [1], [2] . This structure is general enough to accommodate gravitation and it is a common belief that an underlying geometrical theory associated with some extended structure in higher dimensions will offer a unified framework from which the standard model will emerge as an effective low energy approximation. Although such a unique unified geometrical theory is currently elusive, there are strong hints that it may manifest itself in a number of different guises. These alternative representations are said to be related by certain duality transformations. They promise to relate different spectra associated with dual coupling regimes and offer an explanation of the observed masses of the fundamental particles. At the level of low energy effective actions, however, current phenomenology relies on a number of alternative mechanisms for mass generation. These may be briefly classified as (Kaluza-Klein) harmonic expansions in dimensional reduction, dynamical symmetry breaking and the Higgs mechanism based on the existence of fundamental self-coupled scalar fields. Each mechanism makes particular predictions and experimental guidance is required for preferring one without prejudice.
The standard model of fundamental particle interactions is based on families of charged leptons, quarks and scalar fields interacting via gauge fields associated with Lie groups [1] , [2] . This structure is general enough to accommodate gravitation and it is a common belief that an underlying geometrical theory associated with some extended structure in higher dimensions will offer a unified framework from which the standard model will emerge as an effective low energy approximation. Although such a unique unified geometrical theory is currently elusive, there are strong hints that it may manifest itself in a number of different guises. These alternative representations are said to be related by certain duality transformations. They promise to relate different spectra associated with dual coupling regimes and offer an explanation of the observed masses of the fundamental particles. At the level of low energy effective actions, however, current phenomenology relies on a number of alternative mechanisms for mass generation. These may be briefly classified as (Kaluza-Klein) harmonic expansions in dimensional reduction, dynamical symmetry breaking and the Higgs mechanism based on the existence of fundamental self-coupled scalar fields. Each mechanism makes particular predictions and experimental guidance is required for preferring one without prejudice.
In this note we explore the role of the Abelian gauge vector potential A, the dilaton φ and the antisymmetric 3-form gauge field H that arise in certain low energy effective actions on the Higgs mechanism of the standard model. In lowest order H is usually interpreted as describing a scalar (axion) field that, together with the dilaton scalar φ, modifies Einsteinian gravitation.
1 However, we propose here that H couples to vector fiel ds via an interaction with Higgs fields in such a way that it contributes to mass generation via a spontaneous breakdown of gauge symmetry. The coupling is inspired by an earlier incarnation of string theory as a dual model for the strong interactions and the recognition that sectors associated with "Reggeons" and "Pomerons" are "dual". The gauge potential A is analogous to a Reggeon state in the hadron model and the Abelian gauge symmetry in the action is inherited from a representation of the Virasoro symmetry. The antisymmetric tensor field described here in terms of the 2-form B, where to lowest order H = dB, corresponds to a state in the Pomeron sector of the dual model. In 1974, Cremmer and Scherk suggested on the basis of a 1-loop summation that both these fields could gain mass by radiative corrections [3] , [4] . Furthermore they gave a gauge invariant effective action that maintained a duality between the Reggeon and Pomeron descriptions.
In the context of low energy effective string theory, the mechanism arises from the effective action density 4-form
where A is a 1-form, B a 2-form, φ the dilaton 0-form on spacetime M with a metric g, curvature scalar R and associated Hodge map * . The action M Λ is invariant under the Abelian gauge symmetries A → A+ df 0 , B → B + df 1 where f 0 and f 1 are arbitrary 0 and 1 forms, respectively. In terms of the Weyl scaled metricĝ = e −φ g, with the corresponding Hodge map ⋆ and curvature scalarR, the effective action may be written
In this form one can make contact with low energy effective axi-dilaton gravity when λ = 0 [5] , [6] . Having established this link, we concentrate next on the dynamics of the field system {φ, B, A} in a flat Minkowski background (the implications for the gravitational sector will be discussed elsewhere):
Since M is topologically trivial (3) and (4) imply
in terms of the variablesÃ = A − , respectively. One may fix gauges by taking solutions with particular f 0 and f 1 . Remarkably the entire theory can be described in terms of either the fields {φ,Ã} or {φ,B}. Each description refers to a different dual sector of the same theory. Moreover, in terms of the {φ,Ã} description the theory admits a vector field satisfying the dilaton-Proca system:
These equations admit a "vacuum" solutionÃ = 0, φ = φ 0 for some constant φ 0 . Linearising about this solution with
showing that the Abelian gauge field acquires a mass µ 0 = λe 2φ0 . In a similar way the theory has a dual description in terms of {φ,B}:
showing that the Kalb-Ramond 2-form fieldB also acquires a mass µ 0 . The role of the fields {φ,Ã,B} is elusive in the standard model. However, guided by theÃ ↔B duality in the presence of the Cremmer-Scherk mechanism we propose that the Abelian gauge potential A be identified with the weak hypercharge gauge potential in the electroweak SU (2) × U (1) gauge group and that the Cremmer-Scherk mass generation mechanism be generalised with the aid of the standard Higgs multiplet. The low energy effective action density (for the bosonic sector of the standard electroweak model) now includes the Higgs isospinor Φ and the SU (2) gauge potential A:
where F = dA + gA ∧ A with A an SU (2) Lie algebra (with basis T j ) valued 1-form and DΦ = dΦ + gAΦ + i g ′ 2 AΦ with A = A j tj 2i in terms of the Pauli matrices t j . The dynamics of the fields {A, A} arise from the field equations
where D = d + gA with A in the adjoint representation of SU (2). In the Higgs vacuum Φ = (v, 0) T , the new (1)) and one expects that the mass generation for the vector fields will be modified. This is indeed the case. Expanding about the vacuum, Φ = (v, 0)
T , φ = φ 0 , with dB = i λ e 2φ * (Φ † DΦ), the mass eigenstates are given by the equations
A straightforward diagonalisation of these equations shows that the physically charged eigenstates {W ± , Z 0 , γ} have masses
and
depends explicitly on the strength of the effective interaction of the Higgs field with the low energy string fields. We have argued that the Cremmer-Scherk mechanism can be generalised in the presence of the Higgs fields of the standard model and that the fields arising from the low energy effective string action may contribute to the mass generation of the observed vector bosons that mediate the electroweak interactions. This result suggests that future analyses of experimental data should consider the possibility of string induced radiative corrections to the Weinberg angle coming from physics beyond the standard model [7] .
